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Abstract 
High temperature looping cycles, such as carbonation-calcination cycles based on calcium sorbents or chemical looping 
combustion are being developed and play an essential role in CO2 capture technologies. Among proposed configurations, 
outstanding schemes make use of a number of interconnected fluidized beds and may operate at bubbling or circulating regime. 
Fluidized bed behaviour is well-known since they are included in many industrial applications, such as power plants and 
chemical industries. However, there is a lack of knowledge about their operation when more than one fluidized bed are coupled 
in the same system.  
One promising configuration for Ca-based sorption looping systems relies on the use of two circulating beds as carbonator and 
calciner and two bubbling beds acting as loop-seal valves. Many theoretical and lab experimental studies point out the need of 
large solid circulation in the system to reach high carbonation efficiencies. The control of this flow in complex CFB looping 
systems, where also internal recirculation exists in the risers, becomes a difficult task and deserves further studies to characterize 
them. The challenge to solve, through experimental tests and mathematical modelling, is finding a comprehensive control method 
to operate two circulating beds in turbulent regime and two bubbling sealing devices. Experimental results supporting high 
carbonation efficiency or feasibility in scaling-up solid circulation rates and inventories are needed to make the system more 
reliable. 
A lab-scale cold flow facility has been designed based on Glicksman’s scaling rules and constructed in order to conduct 
experimental tests. The mechanical design of the facility and the choice of solid material, fluidizing gas and operating conditions 
should be such as to ensure the circulation of solids between reactors and the presence of solids inventory in the carbonator which 
are necessary to achieve high capture efficiencies. 
Operation of the system has been tested for a long number of hours under very different conditions. Measurements of circulation 
rate, static pressure, voidage profiles and standpipe height of solids have been used to identify trends in the hydrodynamic 
behaviour of the whole system while varying gas velocities in the risers, loop-seals, inventories in the reactors or size distribution 
of the particles. The circulation rates attained in the cold flow plant are comparable, after scaling-up, to solid flows in the loop 
which lead to high enough carbonation efficiencies of the system. 
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1. Introduction 
In the last years the interest in CCS to reduce GHG emissions has increased significantly. This technique which 
provides low-emission energy generation has been pointed out by the IPCC as one of the solutions to limit climate 
change [1]. There are several approaches to separate CO2 from flue gas streams, a promising method for CO2 
capture from flue gases is to use the carbonation/calcination reaction looping with Ca-based sorbents. 
 
A dual fluidized bed system allows the separation of CO2 contained in flue gases by using the same circulating 
sorbent during a number of carbonation/calcination cycles [2-5]. These systems have been extensively applied in 
adsorption processes and catalytic cracking [6]. Nowadays, their application in the GHG reduction also includes 
enhanced gasification [7] and chemical looping processes [8]. This configuration, dual circulating fluidized beds, 
seems to be the key technology to fulfil the carbonation/calcination looping process.  
 
The overall system for the carbonation/calcination looping process consists of a carbonation and a calcination 
reactor. In the first reactor, CaO is converted into CaCO3 at about 600-700 °C in the flue gases at atmospheric 
pressure. For continuous processes, the CO2 sorbents must be regenerated after the carbonation reaction to be used 
repeatedly. The CaCO3 is then removed from the carbonator and delivered to the regenerator. The calcination of 
CaCO3 regenerates the sorbent to CaO and produces a concentrated stream of CO2 at higher temperatures. A proper 
solid circulation rate is essential to achieve high capture efficiency. Hence, hydrodynamics play an important role 
and have to be studied. 
 
This paper describes the design of a cold model facility that consists of two circulating fluidized beds and two 
bubbling fluidized beds. Experimental tests have been carried out in the system. The results have been scaled in 
order to calculate the corresponding operation parameters in a real carbonation/calcination system. 
2. Design and instrumentation of the experimental setup 
Figure 1 presents the cold model dual CFB system; this configuration was first proposed by Shimizu [9] to be 
applied to CO2 capture. Both CFB’s – carbonator and calciner – built from Plexiglas® to favor particle visualization 
are 4 m high and 0.17 and 0.16 m i.d. respectively. As a consequence of the construction material, particles may 
suffer electrostatic charging altering hydrodynamic behaviour. To reduce this problem, risers have been covered 
with a blind flange which provides grounding. Air distributor plates of the circulating fluidized beds are built with a 
series of flat metallic meshes and a typical perforated plate type, the diameter of pores ranges from 80 to 1000 m. 
The pressure drop generated by these distributors is 1.5-4.5 mbar (approximately 4-10% of the total pressure drop in 
the circulating fluidized bed, depending on inventory), high enough to ensure the proper regime in the reactor for the 
solid inventories fed into the system [10]. Exit region of these reactors are clasified as “abrupt” [11] and connect 
horizontally the upper part of the riser and the solid separator unit. The cyclones are designed according the high 
efficiency Muschelnautz design [12] to retain the 99.9% of solid particles passing through. For safety reasons, bag-
filters (pore diameter 8 m) are also installed downstream the cyclones to retain the fine particles generated by 
attrition or contained in the initial mixture. 
 
Solid flow separated in the cyclones falls down through a standpipe into the corresponding loop-seal. These non-
mechanical valves control particles flux with no moving parts which reduces operating problems. Recycle systems 
include a 0.08 m i.d. 1.447 m high standpipe, a 0.177 m i.d. 0.3 m high cylindrical loop-seal and a return pipe made 
of translucent flexible plastic. The non-mechanical valve provides the pressure seal required for the solids to flow 
from the relatively low pressure region near the outlet of the circulating bed to a higher pressure region at the 
bottom. Both loop-seals have two exits to allow the diversion of particle circulation. Air distributor plates in the 
bubbling fluidized bed need higher pressure drop in the distributor to avoid preferential paths and ensure a proper 
operation [10]. Therefore, the solids distributor plates of the non-mechanical valves have, besides the metallic 
perforated plate, several slides of punched polyester that generate a pressure drop of 5-15 mbar (13-30% of the total  
pressure drop in the bubbling fluidized bed, including the distributor) for superficial velocities ranging from 0.05 to 
0.1 m/s. 
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Fluidizing air for both risers and both loop-seals is supplied by a high-pressure forced-draught blower 
(9.2kW/1365mmca) and volumetric flow to each device is regulated through four seat valves. To fulfill the scale-up 
requirements, the air flow entering one of the risers – calciner – must be heated up to approx. 80 ºC to modify gas 
density ratio between the risers. The heating device installed in the fluidizing gas pipe consists of a 1.5 m-long 
electrical resistance of 3x2200W controlled by a PID temperature controller (3200 series Temperature 
Controller/Programmer). This device receives the input of a thermocouple located downstream.  
 
The instrumentation system consists of 25 inductive differential pressure transducers (Testo® 634X) situated at 
different points of the CFB loop and connected to the facility by means of 4 mm i.d. silicone tubes. Their degree of 
accuracy is 0.35 Pa + 0.6% of final value in every range, 0-10, 0-50 and 0-100 mbar. Pressure transducers are 
protected by a wire net to inhibit the entrance of powder from the risers. The location of the probes is shown in 
Figure 1. Assuming that the pressure drops due to gas-wall and solids-wall friction and acceleration of gas and 
solids are negligible, pressure measurements in the risers and non-mechanical valves are used to estimate cross-
sectional average solids concentration. Three hot-wire anemometers (Testo® 0635 1047) are located in the entrances 
of the carbonator cold model and both loop-seals to measure gas velocity in the range 0-20 m/s with an accuracy of 
0.03 m/s + 4% of final value and temperature. The velocity and temperature of the calciner cold model are measured 
by means of a Pitot tube and a pressure transducer (0-10 mbar), and a PT100 probe.  
Figure 1 Cold model dual CFB facility. 
The transmitters output signals are connected to a multi-channel data-logger Agilent® 34670A (34901A 20-
channel general purpose multiplexer) processed by means of the Agilent® software package, thereby enabling 
discrete values of the pressure fluctuations to be stored in a PC. 
3. Experimental results of the dCFB cold model 
Experiments were carried out by measuring gas temperature and static pressure in different points of the cold 
flow model, as stated before, as well as solids circulation rate once stationary conditions were reached. Solid 
circulation was measured by two different methods to compare results and ensure the validity of these measures. 
One of them is performed by flow diversion in the return pipe which connects the non-mechanical valves and the 
bottom bed of each CFB. The “Bucket and stop watch” method is accurate without calibration but not on-line and 
intrusive since pressure balance might be altered. The other technique used to measure solid circulation flow is by 
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stopping loop-seal aeration, the solid circulation may be measured through the increase of solid height in the 
standpipe and the time of the measurement since the apparent density in the standpipe has been previously 
calculated.  
 
The independent parameters are the total riser fluidization, the solid inventory of the whole system, solid 
inventory distribution between the risers, loop-seal aeration and standpipe solid height. Also the effect of particle 
size distribution of the solid population is observed.  
 
Experimental tests were carried out under very different operation conditions. The most reproducible and stable 
tests under stationary conditions were reached for a global inventory of 40.22 kg in the facility (4.42 kg in the 
carbonator and 8.15 kg in the calciner). The remaining solid was placed in the loop-seals and standpipes to generate 
the proper pressure seal. The height of solids in both standpipes was 83.0 and 87.4 cm respectively. Mean superficial 
velocity in the carbonator and calciner was 1.89 m/s and 1.96 m/s respectively. Particle size distribution of the solid 
population introduced in the experimental facility is presented in Figure 2, mean particle diameter 220 m. 
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Figure 2 Particle Size Distribution of the solid population. 
Once stationary conditions were reached, the pressure map of the different devices in the cold model facility is 
shown in Figure 3. 


     
Figure 3 Pressure map. 
4. Scaling up 
There are eight important parameters in the hydrodynamics of circulating fluidized beds (D, U0, gas, gas, particle, 
dparticle, Gs, g) that can be expressed in terms of mass, distance and time. Applying Buckingham- theorem, five 
0
20
40
60
80
100
0 100 200 300 400 500
Cu
m
ul
at
iv
e
Pe
rc
en
ta
ge
ParticleSize[m]
0
20
40
60
80
100
0 100 200 300 400 500
Pa
rt
ic
le
P
er
ce
nt
ag
e
ParticleSize[m]
0
0,5
1
1,5
2
2,5
3
3,5
4
1010 1020 1030 1040 1050 1060 1070 1080
H
ei
gh
t[
m
]
Pressure[Pa]
Carbonator
Loopseal(CRtoCL)
Calciner
Loopseal(CLtoCR)
A. Martı´nez et al. rocedia 4 11) 410–416 413
 Author name / Energy Procedia 00 (2010) 000–000 5 
dimensionless groups (1) are required to achieve complete hydrodynamic similarity in CFBs if there is geometrical 
similarity, particle shape and size distribution are kept constant and particle/particle and particle/wall coefficients of 
restitution and friction, electrostatic forces and cohesion are neglected [13]. 
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However, some groups are difficult to keep constant in practice, especially in cold lab-scale models. Hence, some 
authors have presented less restrictive combinations of groups that increase the degrees of freedom in the system by 
missing different aspects, that is to say by reducing similarity [13]-[17]. In particular, Glicksman et al. [16] proposed 
a set of four dimensionless groups for low Reynolds number based on mean particle diameter (2). The inertia term in 
the Ergun equation is neglected but it is maintained in the fluid and particle momentum equation. Nevertheless, 
experimental tests confirmed that this combination may give good results [13]. 
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Density ratio in the design of cold models usually forces the requirement of very high density particles that are 
more expensive and less available, thus hindering similarity. However, if density ratio is large enough, the effect of 
this dimensionless group can be neglected [11]. 
 
A dimensionless study has been carried out to analyze the implications of the experimental results on the research 
of real dCFB systems. Three scaling levels have been considered: high temperature test rig (maintaining dimensions 
and increasing temperature up to real conditions), pilot plant (increasing dimensions up to medium scale and 
increasing temperature up to real conditions) and industrial scale (increasing, both, dimensions and temperature up 
to real conditions). Experimental results have been scaled keeping constant every group in (2) but the density ratio. 
As mentioned before, this group may be neglected since it is high enough (2380-7936). 
 
Table 1 Results obtained by the dimensionless analysis. 
 
  
  D [m] H   [m] U0 [m/s] 
T 
[ºC] 
gas 
[kg/m3]
 
[kg/ms] 
dp 
[m] 
p 
[kg/m3]
Gs 
[kg/m2s] 
mgas 
[kg/s] 
mCO2 
[kg/s] 
C
ar
bo
na
to
r cold facility 0.17 4 1.890 34 1.1340 1.89E-05 220 2700 2.35 0.049   
HT lab-scale 0.17 4 1.890 650 0.4056 3.87E-05 287 3219 2.80 0.017 0.004 
pilot plant 0.50 11.76 3.241 650 0.4056 3.87E-05 376 3219 4.81 0.258 0.054 
industrial scale 8.00 188.2 12.97 650 0.4056 3.87E-05 769 3219 19.2 264.4 55.51 
C
al
ci
ne
r 
cold facility 0.16 4 1.960 80 0.9865 2.10E-05 220 2700 2.35 0.039   
HT lab-scale 0.16 4 1.960 900 0.3979 4.59E-05 293 3300 2.87 0.016   
pilot plant 0.47 11.76 3.361 900 0.3979 4.59E-05 385 3300 4.93 0.233   
industrial scale 7.53 188.2 13.45 900 0.3979 4.59E-05 782 3300 19.7 238.3   
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As chemical reactions have to take place, gas properties and particle density should be independent variables of 
the system. Also risers dimensions are inputs in this study. High temperature lab-scale utility is supposed to have the 
same geometry as the cold one. The carbonators of the pilot plant and the industrial-scale are 0.5 and 8 m i.d. 
respectively, and the calciners grow in the same ratio. The carbonation reaction takes place at 650 ºC and the 
regeneration at 900 ºC, both at atmospheric pressure. Calcium oxide and calcium carbonate densities are 3300 and 
2700 kg/m3. In the cold model no reaction takes place, thus the solid stream remains in carbonate form. Once 
chemical adsorption-desorption of CO2 is considered, the calcined solid flow is composed of calcium oxide and the 
carbonated solid flow presents a mixture of both chemical species.  
 
Consequently, there are three dependent variables in the system. Since minimum fluidization velocity depends on 
gas properties, particle density and particle mean size, output parameters are superficial velocity, particle size and 
solids circulation flux. 
 
The results are shown in Table 1. Operating parameters in the high temperature lab-scale are similar to those in 
the cold facility. Superficial velocity is the same. Since Froude number is kept constant, and particle size and density 
are comparable in both cases. As gas properties (temperature and composition) are different, gas flux is lower in the 
high temperature facility. However, solid circulation rate is slightly higher because the solid/gas volumetric flux 
ratio remains constant and calcium oxide is denser than calcium carbonate. This facility could capture the CO2 of a 
20 kW test rig. 
 
The superficial velocity and particle size in the pilot plant is in the range of typical values in commercial 
circulating fluidized beds [11]. This facility can process nearly 0.26 kg/s of flue gases with a solid circulation rate 
close to 5 kg/m2s. Hence, it could separate the carbon dioxide of a 250-350 kW pilot plant. The experimental results 
obtained in the cold facility may be used in the design and operation of both a high temperature lab-scale facility and 
a pilot plant. 
 
As mentioned before, results have also been scaled for an 8 m i.d. industrial scale plant. This system corresponds 
to around a 300 MW power plant. Although risers are too high due to geometric similarity, lower reactors may be 
adequate if transport disengaging height (TDH) is exceeded, since hydrodynamics remain constant above this point 
[18]. Superficial velocity and particle size in this scale are slightly greater than typical values in CFBs. A gradual 
scaling-up of the system increases the probability of agreement between the experimental results and the hypothesis 
obtained from the previous level. 
 
Dimensionless groups allow calculating the capture parameters that correspond to a certain hydrodynamic 
parameters in the cold model. A sorbent to CO2 ratio of 12.42 has been calculated for the three scaling levels, by 
means of the solid circulation rate and the CO2 flux entering the carbonator. Capture efficiency is calculated as the 
product of sorbent to CO2 ratio and the sorbent capture capacity. Therefore, the calcium oxide should have an 
average capture capacity of 8% to achieve the maximum capture efficiency, which is easily attainable with common 
limestones [19].   
5. Conclusions 
A cold dual CFB facility has been designed to analyze the hydrodynamics of the carbonation looping cycle. 
Proper and stable operation of the system has been confirmed by long-term experimental results. However, it takes 
time to gain experience and control the solid circulation with non-mechanical valves. 
 
A dimensionless analysis has been accomplished to determine the values of the main parameters in three different 
scaling levels (test rig, pilot plant, and commercial facility). It has been concluded that experimental results obtained 
in this facility may help in the design and operation of high temperature test rig and pilot plant for carbonate looping 
cycle. The scaling-up to commercial facilities have to be analysed with the results of large dimensions pilot plant. 
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Further tests are needed to gain experience in the control and operation of the solid circulation of this systems. 
This variable is the key to achieve good capture efficiencies and low capture costs in calcium cycle and chemical 
looping applications.  
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